microarray as a first-tier clinical diagnostic test for congenital developmental disorders, 4 making it debatable whether traditional chromosome analysis is still necessary. 7 Until now, no large-scale studies have been performed to investigate chromosome abnormalities that are detectable by chromosome analysis but undetectable or likely to be missed by CMA. In this study, we identified 3,710 postnatal cases in which both chromosome and chromosomal microarray analyses were performed simultaneously in a clinical setting. The results show that CMA detected the unbalanced chromosome abnormalities that were identified by chromosome analysis with the exception of six cases (0.16%) due to low-level mosaicism or no net genomic imbalance. In addition, chromosome analysis provided valuable information about structural rearrangements not readily delineated by CMA.
MaterIals and Methods

Patients
From 2004 to 2011, CMA was performed on genomic DNA isolated from the blood of >40,000 postnatal cases referred to the Medical Genetics Laboratories at the Baylor College of Medicine. Included in this study were the 3,710 consecutive cases which had chromosome analysis performed simultaneously with CMA.
cMa
Peripheral blood was collected in a purple-top tube containing EDTA as an anticoagulant. Genomic DNA was extracted from whole blood manually using the Puregene DNA Blood Kit (Gentra, Minneapolis, MN). CMA was performed according to the manufacturers' instructions, with minor modifications as described previously. 8, 9 The arrays used evolved from bacterial artificial clone arrays (V3-V6), which were targeted arrays with increased coverage in known disease regions but limited coverage in the backbone, to whole-genome 105K No copy number changes were detected in cases 7-10 using a targeted array. However, the abnormalities were detected using the current wholegenome array (V8 CMA 
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oligonucleotide arrays (V7) 10 and the current version of the whole-genome array (V8), which has ~180,000 oligonucleotides including exon coverage for 1,700 disease or candidate genes. 11 None of the arrays used were intended to detect copy number-neutral regions of absence of heterozygosity. FISH analysis was performed to confirm the CMA results as described previously. 3 For a copy number loss, five metaphase cells were examined. For a copy number gain, 50 nuclei were examined independently by two technologists in addition to an examination of at least one metaphase cell to rule out a translocation or an insertion of the gained material.
chromosome analysis
Chromosome analysis was performed using standard protocols for the Giemsa (GTG) banding technique. Briefly, cells were treated with phytohemagglutinin to stimulate the growth of T lymphocytes. When a chromosome abnormality was identified in a single cell out of the 20 cells examined, additional cells up to 100 were analyzed to rule out low-level mosaicism.
results
The results of G-banded chromosome analysis of the 3,710 unrelated cases are summarized in Table 1 . A normal chromosome constitution was identified in 3,385 (91.2%) patients, of which 179 (4.8%, 179/3,710) patients had abnormalities detected by CMA.
Chromosome analysis detected unbalanced abnormalities in 295 cases (8%). CMA results were normal at the time of diagnosis for 10 cases with abnormalities identified by chromosome analysis (Table 2) whereas they were consistent with the chromosome analysis findings in the remaining 285 cases (96.6%, 285/295). CMA was repeated using a whole-genome array (V8) in 4 of the 10 cases (cases 7-10 in Table 2 ; Figure 1 ) and copy number changes relevant to the chromosome findings were detected. Thus, only six of the 3,710 cases (0.16%) studied had unbalanced abnormalities detected by chromosome analysis but not found by CMA. Chromosome analysis identified simple balanced translocations or inversions in 30 cases (0.8%), leading to an overall Normalized log ratio detection rate for chromosome analysis of 8.8% (325/3,710). None of the balanced cases had copy number changes at or near the breakpoints detected by clinical CMA using either targeted or whole-genome arrays. One case had an abnormal gain not detectable by chromosome analysis on a chromosome apparently not involved in the translocation.
The overall detection rate for CMA using both targeted arrays (V4-V6) and whole-genome arrays (V7 and V8) in this cohort was 12.6%, which is significantly higher than that of chromosome analysis (8.8%) (P value <0.0001 by χ 2 analysis). The CMA detection rate for the whole-genome array was 14.5% as compared with 10.9% for the targeted array.
Mosaic imbalances detected by chromosome analysis but missed by cMa
All six of the cases with unbalanced chromosome abnormalities detected by chromosome analysis but not by CMA showed mosaicism. The level of mosaicism for cases 1-4 was very low, ranging between 2% and 7.5% ( Table 2) , which is below the detection limit of CMA. The low level of mosaicism in these cases cannot be reliably detected by a single-nucleotide polymorphism array either. 12 Case 5 showed mosaicism for a derivative chromosome 8, resulting from an unbalanced translocation between the long arms of one chromosome 8 and one chromosome 21 in 30% of the cultured blood cells. The derivative chromosome 8 resulted in partial trisomy for the distal portion of chromosome 21, which was not detected by CMA. Case 6 had two abnormal cell lines including a 45,X cell line in 67% of cells and another cell line having one chromosome X and one isodicentric Y chromosome with break and fusion points on band Yq12 in the remaining 33% of cells. The 45,X cell line led to a loss of chromosome Y, whereas the isodicentric Y cell line led to a gain of chromosome Y, except for the heterochromatic and pseudoautosomal region in the long arm, resulting in a balanced net effect and an apparently normal result on CMA.
detection of mosaicism can be maximized by using both cMa and chromosome analysis Mosaic abnormalities were detected by chromosome analysis and/or CMA in 43 (1.2%) cases. Mosaicism was detected by both chromosome analysis and CMA in half of these cases (49%, 21/43). Mosaicism was detected by chromosome analysis only, through examination of 20-100 cells, in 17 cases (39%; 17/43), six of them had a normal CMA (cases 1-6 in Table 2 ). The remaining 11 cases had an abnormal CMA, but the log ratio plot did not suggest mosaicism because the level of mosaicism for the abnormal cell line was very high (≥80%), as exemplified in one mosaic trisomy 18 case (Figure 2a,b) .
CMA detected mosaicism for autosomal chromosomes in which chromosome analysis was found to be normal in five cases (12%; 5/43). Two of these cases were reported previously as case 8 (mosaic trisomy 14) and 9 (mosaic trisomy 22). 6 Mosaicism was suspected by the CMA plot, with log ratios ranging between 0.04 and 0.22 and confirmed by FISH analysis on a blood smear or phytohemagglutinin-stimulated T cells showing mosaicism levels ranging from 6.5% to 29%. The log ratios correlate with the percentage of trisomic cells revealed by FISH, except for case 9, 6 who had a lower level of trisomic cells by FISH than expected by the log ratio, probably because the FISH analysis was performed on a 2-week-old uncultured blood sample. Further analysis of a fresh sample was not available as the infant passed away shortly after birth. Of note, one case showed trisomy 9 in 29% of cells in an unstimulated blood sample by FISH analysis whereas no trisomy 9 cells were observed in the 50 metaphase cells examined from stimulated T-cell cultures by chromosome analysis. Most of the copy number gains and losses detected by CMA are aneuploidy, simple deletions, or tandem duplications. However, some of these copy number changes are associated with additional chromosomal structural rearrangements that can only be defined by traditional cytogenetic analysis. Of the 469 cases with an abnormal CMA result, structural rearrangements in addition to simple deletions or duplications were observed under the microscope in 85 (18%) cases (Table 3) . Approximately half (51%; 44/85) of these cases involved an unbalanced translocation or insertion whereas one-third (33%; 28/85) had a marker or ring chromosome, or isochromosome or isodicentric chromosome. The remaining 16% (13/85) of the cases had a complex rearrangement. FISH was performed in 38 of these 85 cases, which revealed chromosomal structural abnormalities consistent with the chromosome analysis. The structural rearrangements observed in the remaining cases are expected to be detectable by FISH, except for three of the complex rearrangements. The complex rearrangements not detectable by FISH include cases 9 and 10 in Table 2 and one case with a deletion at a translocation breakpoint. Without chromosome analysis, the complex rearrangements would be misinterpreted as simple deletions by both CMA and FISH.
As expected, most of the cases with two or more copy number changes, including 88% (23/26) of the cases involving one chromosome and 87% (33/38) of the cases involving two chromosomes, had chromosomal structural rearrangements visible under the microscope. For copy number changes involving two chromosomes, the vast majority of the rearrangements were unbalanced translocations between the two chromosomes resulting in a derivative chromosome. One patient with a complex rearrangement had two copy number changes that are apparently not related; CMA detected two interstitial losses, one on chromosome 1p and one on chromosome 10p (Figure 2e) . Chromosome analysis revealed the loss on 10p was a simple deletion, whereas the loss on 1p was at the breakpoint of an apparently balanced translocation between chromosomes 1 and 3.
Additional structural rearrangements were more likely to be observed in cases with a single copy number gain (17/91; 19%) than in those with a single copy number loss (8/214; 4%). Most of the rearrangements associated with a gain are unbalanced translocations and supernumerary marker chromosomes. In addition, two cases had a single interstitial copy number gain, with the duplicated segment inserted into a different genomic location. One of these cases had a copy number gain of >25 Mb in 9q12q22.31 detected by CMA. Chromosome analysis showed that the duplicated segment was inserted into the distal long arm of chromosome 9 at band 9q33 (Figure 2d) . Copy number changes involving one entire chromosome are usually indicative of aneuploidy; however, chromosome analysis showed structural rearrangements in four cases. An example of one of these cases is shown in Figure 2c . Although CMA revealed a gain in copy number detected by all clones for chromosome 18, suggesting trisomy 18, chromosome analysis revealed mosaicism for a cell line with an additional chromosome 18 in 90% of cells whereas the remaining 10% of cells showed an additional isochromosome composed of the short arm of chromosome 18, resulting in tetrasomy for the 18p10-pter segment.
dIscussIon
Chromosome analysis and CMA are clinically useful diagnostic tools for detecting chromosomal abnormalities throughout the human genome. Currently, CMA is recommended as the firsttier test for intellectual disability and congenital defects, replacing the previous role of chromosome analysis. In this study, we compared the results of chromosome analysis and CMA in 3,710 cases to determine the value of performing chromosome analysis.
Maximum detection of mosaicism by a conjunction of cMa and traditional cytogenetic analysis
This study showed that 1.2% (43/3,710) of patients had a mosaic finding. Mosaicism was observed only by chromosome analysis in 39% of cases because of either a very low (<10%) or very high (>80%) percentage of abnormal cells whereas 12% of cases were detected only by CMA. The remaining 49% of cases were detected by both CMA and chromosome analysis.
The detection of mosaicism by CMA and that by chromosome analysis differ because of the difference in technology and cell population analyzed. CMA analyzes DNA extracted from all of the nucleated cells in peripheral blood including multiple cell lineages. In contrast, chromosome analysis is performed primarily on T lymphocytes stimulated by phytohemagglutinin. Studies have demonstrated that CMA may be more sensitive when abnormal cells fail to respond to mitogens and/or abnormalities are rare or absent in T cells, such as in PallisterKillian syndrome. 5, 6 Five cases of mosaic trisomy, involving chromosomes 8, 9, 14, and 22, were detected only by CMA.
Although CMA can easily detect mosaicism at levels of 30% or greater, it is limited in routinely detecting mosaicism at levels of <10%. 6, 13, 14 Other array platforms, such as single-nucleotide polymorphism arrays may be better capable of detecting mosaicism by the information obtained from the B-allele frequencies. 15, 16 Chromosome analysis can detect low-level mosaicism through the individual examination of large numbers of cells. Standard chromosome studies of 20 cells will rule out 14% mosaicism at the 95% confidence level. More cells can be examined when one or two abnormal metaphase cells are identified. However, the analysis of many individual cells is time consuming and labor intensive. If mosaicism is suspected or confirmed, FISH can be utilized to examine hundreds of individual interphase cells to determine the level of mosaicism; FISH is relatively less time consuming than chromosome analysis.
The abnormalities missed by CMA, excluding the apparently balanced rearrangements, account for <0.2% of total cases in this study ( Table 2) . Most cases were undetectable by CMA because the proportion of abnormal cells was below the detection limit of CMA (<10%). The clinical significance is unclear for the very low level mosaicism in cases 2 and 3, and the small marker chromosome that contains exclusively pericentromeric repeat sequences in case 4. The remaining abnormalities missed by CMA are associated with phenotypic abnormalities. It is not clear why the abnormality seen in 30% of cultured cells in case 5 was missed by CMA, but it is presumably due to the abnormal cells being overrepresented specifically in the T cells. The presence of two different cell lines with genomic gains and losses involving the same region led to a net genomic balance for that region, thereby, eluding detection by CMA, as shown in case 6.
Detection of mosaicism by CMA relies on the deviation from the expected log ratios for deletion or duplication without All the structural rearrangements are expected to be observable by FISH analysis except for three cases involving complex rearrangements. CMA, chromosomal microarray analysis; CNV, copy number variant; FISH, fluorescence in situ hybridization.
mosaicism. The suspected mosaicism has to be confirmed by chromosome analysis on cultured cells or FISH analysis preferably using blood smears. In 11 cases studied here, CMA was able to detect the chromosome abnormality but was unable to detect that the case was mosaic because of a low percentage of normal cells or the presence of an isodicentric chromosome leading to segmental tetrasomy. For example, two cases had a copy number gain detected by all the probes for chromosome 18 by CMA (Figure 2) , suggesting trisomy 18. In actuality, chromosome analysis showed that one case had trisomy 18 in all the cells (Figure 2a) , whereas the other case had mosaicism for trisomy 18 in 80% of cells (Figure 2b) . In addition, when two or more abnormal cell lines involve the same region, as exemplified in the case in Figure 2c , chromosome and/or FISH analysis is essential for a correct interpretation of the chromosome abnormalities.
chromosomal structural information is provided by chromosome analysis but not apparent by cMa CMA provides very reliable information on whether copy number gains and losses are present but does not provide positional or orientation information. Our studies showed that structural abnormalities were seen in 18% of the abnormal CMA cases.
Half of the structural rearrangements identified in this study are unbalanced translocations/insertions, one-third are other structural changes such as ring chromosomes, marker chromosomes, isochromosome and isodicentric chromosomes, and the remaining 15% are complex rearrangements. Given that most of these structural aberrations involve subtelomeric regions, terminal copy number changes have a higher likelihood of having further structural abnormalities. 17 In general, both chromosome analysis and FISH analysis are able to identify translocations, insertions, isochromosomes, and markers, with different strengths for each method. Although FISH can detect changes too small to be detectable by chromosome analysis, analysis of chromosome banding patterns provides additional information on the involved regions. In the case of complex rearrangements, combined FISH and chromosome analysis may be necessary to completely determine the complex structural changes. With this exception, FISH analysis following an abnormal finding by CMA is typically adequate to provide information about the nature of the copy number change.
Some chromosomal rearrangements could be missed even after both CMA and FISH. For example, an interstitial deletion in 2q was detected by CMA in case 9 (Figure 1a) . Without chromosome analysis, the rearrangement appears to be a simple single deletion even after confirmatory FISH analysis. However, examination of the karyotype showed an abnormal chromosome 2 with an insertion of a segment from 17q23.1q23.3 into band 2p11.2. In addition, the chromosome 2 with the inserted 17q segment also has a pericentric inversion between 2p12 and 2q31.1. The deletion on 2q31.1 detected by CMA most likely occurred at or near the inversion breakpoint on the long arm of one chromosome 2. In summary, case 9 had a complex rearrangement including a deletion in 2q detectable by CMA but not visible by chromosome analysis, as well as an insertion and an inversion involving chromosomes 2 and 17, detectable by chromosome analysis but not by CMA. Similarly, case 10 had de novo rearrangements involving four chromosomes including an insertion of the 2q14.2q24.1 segment to the short arm of one chromosome 6, which also has a paracentric inversion, and a reciprocal translocation between chromosomes 12 and 18. Copy number losses were identified by CMA near the breakpoints in chromosomes 2 and 6 (Figure 1b) . A correct diagnosis requires the combination of CMA and chromosome analysis. 18 Identification of chromosomal structural rearrangements is indispensable for genetic counseling of the family. The genomic imbalances detected by CMA could be due to an unbalanced segregation product of a balanced translocation or insertion in one parent and, therefore, warrants a strong recommendation for performing parental studies. In addition, the chromosomal structural information provides a guide for which parental studies should be recommended. For the rearrangements that are likely to be products of a balanced rearrangement, parental FISH or chromosome analysis should be performed instead of parental CMA.
apparently balanced rearrangements with a normal cMa study
In this study, single apparently balanced translocations or inversions without other chromosome abnormalities were detected in 30 cases (~0.8%) by chromosome analysis. It has been reported that ~40% of patients with multiple congenital anomalies/mental retardation and a de novo apparently balanced translocation have cryptic abnormalities near the breakpoints, or unrelated to the breakpoints, which can be easily detected by CMA. 19, 20 However, CMA did not detect any copy number changes near the breakpoints in these 30 cases. Several factors may contribute to this observation. Most of the rearrangements were inherited based on the parental studies of a subset of the cases, meaning they are more likely to be "truly" balanced. In addition, Robertsonian translocations, which usually do not result in copy number changes of euchromatin, were included in this study but excluded in the published studies. Moreover, small cryptic deletions/duplications adjacent to the breakpoints may be missed because the arrays used for most of these cases were targeted and not of sufficient genomic resolution to detect an imbalance.
Although the majority of balanced rearrangements are benign, de novo rearrangements are associated with a higher disease risk due to a cryptic deletion or duplication, gene or enhancer disruption, position effects, or epigenetic effect. The risk of having a serious congenital anomaly for de novo reciprocal translocations and inversions is 6.7%. 21 The risk is expected to be lower for those cases with a normal CMA using a whole-genome array. Therefore, the simple balanced rearrangements detected in this study are less likely to be the cause of the patients' phenotypes.
evidence-based strategy for efficient detection of chromosome abnormalities
To determine if and when chromosome analysis should be performed for the clinical diagnosis of chromosomal abnormalities, we examined the results of cases studied simultaneously by both CMA and chromosome analysis. Chromosomal abnormalities detected by chromosome analysis but completely missed by CMA were observed in ~1% of cases, including apparently balanced rearrangements in 0.8% cases and imbalances associated with mosaicism in 0.16% cases. In addition, chromosome analysis facilitated the detection of chromosomal structural rearrangements in 18% of the cases with abnormal CMA results.
Although CMA provides information about copy number variation and mosaicism, only chromosome analysis or FISH provides the chromosomal structural information associated with these copy number changes and identifies some cases of mosaicism not detected by CMA. Advantages of FISH over chromosome analysis is that small (<3-10 Mb) copy number changes can be detected and a large number of nuclei can be quickly analyzed, which is especially useful for the evaluation of mosaicism. Therefore, after an abnormal CMA, FISH analysis can be applied first to detect structural rearrangements associated with copy number changes and confirm mosaicism and determine the percentage of abnormal cells. When insertions or translocations are detected by FISH, chromosome analysis may be indicated to determine the involved chromosomes. Instead of standard chromosome analysis, which studies 20 metaphase cells from two cultures, a small-scale chromosome analysis of five cells from one culture is sufficient for this purpose. This strategy would detect all structural changes except for a few rare complex rearrangements.
For cases with a normal result by CMA, a full chromosome analysis may be considered if the patient has multiple congenital anomalies, dysmorphic features, and/or mental retardation reminiscent of a chromosomal syndrome or clinical manifestations indicative of potential mosaicism such as pigmentary abnormalities that are randomly distributed or that follow the lines of Blashko and growth asymmetry in association with intellectual disability. On the basis of this study, ~1% of cases would have informative chromosome results, but <0.001 of cases (3/3,710) would have a clinically significant finding.
In summary, our study further confirms that almost all of the chromosomal abnormalities detectable by chromosome analysis are detected by CMA, supporting the recommendation that CMA be the first-tier test. However, traditional cytogenetic analysis remains useful for the detection of mosaicism and characterization of structural rearrangements.
